A solid plastic phantom has been developed with optical properties that closely match those of human breast tissue at near-IR wavelengths. The phantom is a 54-mm-thick slab containing four small cylinders of contrasting scatter and absorption. A detailed description of the phantom is followed by an account of an attempt to image the phantom by a time-resolved imaging technique. Images generated with transmitted light with the shortest flight times revealed the embedded cylinders with greater visibility than images obtained with continuous light transillumination. However, images corresponding to flight times of less than ,700 ps were severely degraded from a lack of detected photons. An attempt was made to overcome this degradation by extrapolating the measured temporal distributions with an analytic model of photon transport. Results suggest that subcentimeter resolution imaging of low-contrast tumors in the breast is scientifically possible. Our phantom is available to any other research groups wishing to evaluate their systems.
Introduction
Recent interest in optical techniques for imaging through highly scattering media has been motivated in part by the desire to develop a more effective, less expensive, and safer alternative to x-ray mammography. 1, 2 A successful screening method must distinguish tumors from surrounding healthy tissue while they are still small in size 1,1 cm2 before metastasis occurs and treatment becomes more difficult. Despite submillimeter resolution, x-ray mammography is far from infallible and fails to identify a small percent of cancers during routine screening. Optical methods offer the potential to differentiate between tissues because of their different absorption or scatter at near-IR wavelengths, which are indistinguishable with x rays. Attempts to obtain diagnostic images of the human breast with cw illumination have revealed high transmittance of near-IR radiation at safe exposure levels with high contrast between healthy breast tissues and some types of tumor. 3, 4 However, the overwhelming scatter of light in the breast severely limits the spatial resolution, and consequently cw transillumination methods are considered to have no clinical utility as a screening method. 4 Technological advances in ultrafast measurement during the last 10 years have stimulated investigation into time-resolved techniques to improve the spatial resolution of images obtained through highly scattering media. Numerous approaches have been explored with varying degrees of success. 1, 2 Many of the proposed methods involve some form of temporal gating of detected transmitted light, so that images are generated from photons with the shortest path lengths through the medium. The detection of unscattered photons with coherent techniques has been demonstrated for media that are not too severely scattering. 5, 6 For media more closely matched to human tissues, most imaging methods have involved illuminating the object with a short pulse of light and either enhancing the signal produced by the earliestarriving photons 7, 8 or measuring the temporal distribution directly. [9] [10] [11] Images through highly scattering objects have been presented as a function of time period Dt over which transmitted light is integrated. 11 It is found, as expected, that the highest spatial resolution is achieved with transmitted photons with the shortest flight times. The relationship between spatial resolution and Dt has been investigated both experimentally [12] [13] [14] [15] and theoretically. [16] [17] [18] However, the significant drawback of time-gating methods is that the majority of transmitted light is discarded. These studies and others based on Monte Carlo simulations 19 suggest that the scarcity of detected photons at very early times 1,300 ps2 is likely to limit the spatial resolution of time-gated breast images to ,1 cm, which falls short of the performance required of a clinical system for routine screening.
The ultimate utility of optical techniques for breast imaging thus relies on higher-spatial-resolution information somehow being encoded within the available distribution of longer flight-time-transmitted photons. If this assumption is valid, progress depends on developing a means of extracting that information. A means that looks particularly promising is based on a further assumption that, given a set of measurements of transmitted light between pairs of points on the surface of an object, a unique three-dimensional distribution of internal scatterers and absorbers that yield that set exists. This idea has led to development of various iterative reconstruction schemes. [20] [21] [22] [23] The convergence to a unique solution can be aided by applying suitable a priori information.
Meanwhile another method of extracting highresolution information has been investigated that involves improving the estimation of the intensity of short-path-length photons by fitting a mathematical model of photon migration to all or part of the measured temporal distribution. 13, 24 The model is then used as if it represents a noise-free estimate of the original data, and images are created with the predicted intensities of short-path-length photons. Despite the limitations imposed by the use of models that assume homogeneous media, experimental results so far are encouraging. The argument in support of this method is based on the observation that the transmitted intensity of photons of all path lengths is influenced to some degree by the optical properties along the line of sight. For a small inhomogeneous region embedded on-axis deep within an otherwise uniform scattering medium, the influence of the region on the detected photon flux steadily increases with decreasing flight time. Thus model fitting provides a means of extrapolating a distribution known to be smooth and continuous to shorter flight times where the contrast is higher. This enhancement technique therefore relies on how accurately the model can infer the true population of short-pathlength photons from the distribution of longer-pathlength photons. Selecting the degree of complexity of the model involves compromise between the need to reproduce the shape of the data and the need to suppress the random effects of noise. So far, relatively simple models of time-dependent photon migration for homogenous slabs have been shown to satisfy this compromise particularly well.
Although development of increasingly sophisticated optical-imaging techniques has been driven by rapid advancements in photo-optical technology, until recently tissue-imaging research was hindered by the lack of suitable tissue-equivalent phantoms. A curious assortment of materials has been proposed, 25 from well-defined aqueous suspensions of Intralipid and polymer microspheres to more variable substances such as milk and cheese. These substances have been of limited use because their optical properties are either unknown or unstable over prolonged periods, or because they are liquids and thus require containers. However, recent research at University College London 1UCL2 has resulted in designs for the manufacture of inexpensive, solid phantoms with precisely defined scattering and absorbing properties. 25, 26 Below we describe a phantom developed for the specific purpose of testing the temporal enhancement method with a breastlike object and present the results. The phantom represents a much greater challenge than anything in previously reported studies and enables the most realistic appraisal so far of the true potential of optical methods for breast imaging.
Methods

A. Solid Breast Phantom
Two recipes for the manufacture of solid tissue phantoms have been developed at UCL during the past three years. The breast phantom constructed for the experiments described here was made from a suspension of titanium dioxide particles in clear polyester resin. 25 The particles provide the desired scatter, whereas absorption is introduced by the addition of a small quantity of near-IR dye. The first stage of construction involved making a single solid slab with absorption coefficient µ a and transport scatter coefficient µ s 8 3equal to µ s 11 2 g2, where µ s is the scatter coefficient and g is the mean cosine of the scatter4 matched as precisely as possible to typical values for breast tissue. Published studies 27, 28 of the optical properties of various breast tissues 1glandular, adipose, fibrocystic, etc.2 suggest that at wavelengths near 800 nm, these coefficients are typically in the µ s 8 5 0.7-1.4-mm 21 21 , respectively, at a wavelength of 753 nm. As the broad variation in published values illustrates, every human breast cannot be characterized by a single set of optical parameters. First, breast tissue varies considerably depending on the age of the woman. In x-ray mammography, for example, several distinct classifications are used to identify breast type and that correlate to some degree with age. Second, the breast can be highly inhomogeneous, containing distinct regions of adipose, glandular tissue, fibrocystic tissue, etc. Third, there are many manifestations of breast disease, and a tumor may have optical characteristics that vary during its development. The intrinsic variability of healthy and diseased breast tissue makes the task of developing a typical breast phantom essentially impossible.
Selection of optical properties to represent embedded tumors poses an even greater problem. Diseased tissues generally show some wavelengthdependent differences in optical characteristics compared with healthy tissues, although the study by Peters et al. 27 was unable to distinguish the ex vivo properties of ductal carcinoma from those of normal glandular tissues over a broad range of visible and near-IR wavelengths. Unfortunately there are no reliable estimates of tumor properties obtained from in vivo measurements. Nevertheless a wealth of broadband cw transillumination studies shows that large, well-developed, tumors generally appear darker than surrounding tissue, indicating greater absorption. 3, 4 Contrast from oxygenated hemoglobin has been conjectured, because cancer is usually hypervascular. 3 However, because perfectly healthy vascular tissue can appear similarly dark in transillumination images, it is likely that to identify tumors an effective system may have to rely as much on detecting morphological differences as on differences in contrast. Thus we return to the requirement for adequate spatial resolution.
For the breast phantom described here we selected concentrations of titanium dioxide particles and dye to provide a transport scatter coefficient µ s 8 5 1.0 mm 21 160.1 mm 21 2 and an absorption coefficient of µ a 5 0.010 mm 21 160.001 mm 21 2 at a wavelength of 800 nm. The accuracy of these values was confirmed by comparison of time-resolved measurements with diffusion model predictions, as described below. Figure 1 shows the variation of µ s 8 of the phantom material over the 650-1000-nm wavelength range based on experimentally measured values of µ s and g published elsewhere. 25 Figure 2 shows the absorption spectra of the polyester resin, the dye, and that of the two together, adjusted to the concentration of dye in the phantom. The material was cast into a rectangular slab with dimensions of 54 mm 3 75 mm 3 135 mm. No attempt was made to reproduce a realistic, curved geometry of a compressed breast; yet we acknowledge that development of a clinical imaging system must take irregular geometry into account.
There is a lack of reliable estimates of the refractive index of breast tissue, but it seems reasonable to suppose that overall the index will vary between values for water 11.332 and adipose 11.462, a difference of ,9%. In this respect our phantom with a constant refractive index at 800 nm of 1.56 is not representative of breast tissue. In practice, however, transmitted photons experience an effective refractive index dependent on the fraction of time spent within each type of tissue. Because it is very unlikely that for a given breast some photons travel exclusively through water whereas some travel exclusively through fat, the random variation in the effective refractive index will probably be much less than 9%. If a 1% variation in the effective refractive index is assumed, the corresponding variation in flight time of photons with identical path lengths is also 1%. Thus, if the temporal resolution of our imaging system is 20 ps, the corresponding distortion in the temporal distribution of transmitted photons is measurable only over a period greater than ,2 ns. Because the highest resolution information is derived 1directly or through extrapolation2 from a signal at much smaller flight times, it appears unlikely that our technique is sensitive to either the absolute value or variations in refractive index.
Four small cylinders representing tumors were inserted inside the phantom with optical properties corresponding to various differences in µ a and µ s 8 relative to the surrounding slab. Their optical properties at a wavelength of 800 nm are summarized in Table 1 . Two cylinders, C and D, were made very strongly contrasting to ensure that the contrast produced would be high enough that any gains in spatial resolution independent of the signal-to-noise ratio were observed. The other two cylinders, A and B, offer significantly less contrast. Each cylinder was 5 mm in length with a diameter of 5.75 mm. These cylinders were embedded in the slab by drilling four holes, 6 mm wide, in the middle of one face, as illustrated in Fig. 3 . After each small cylinder was deposited in a hole, the space above was filled with cylindrical rods that have the same optical properties as the slab. Finally, the remaining space around the cylinders and rods was filled with a resin, again with the same optical properties as the slab, which held the rods in place permanently. This process was researched and tested thoroughly on clear transparent blocks of solidified resin until we were sure that it could be performed repeatedly without trapping air bubbles capable of producing anomalous contrast. The absence of bubbles in the completed phantom was confirmed by suitable x-ray images. Cylinder B corresponds to an increase of a factor of 1.67 in scatter and an increase of a factor of 4 in absorption 1at 800 nm2, whereas cylinders C and D correspond to a further increase of a factor of 10 in scatter and absorption, respectively. Finally, cylinder A represents a region of twice the scatter but almost zero absorption. The scatter coefficient of the cylinders was varied by changing the concentration of scattering particles, and thus the scatter coefficient of the embedded cylinders as a function of wavelength observes the relationship shown in Fig. 1 . However, predicting the dependence of cylinder absorption on wavelength must take into account that cylinders contain different concentrations of dye but the same amount of resin.
B. CCD Spectral Measurements
A significant motivation for the development of solid tissue-equivalent materials has been to produce phantoms suitable for exchange between all researchers in the tissue-optics community, providing a means of comparing the performance of various imaging schemes and experimental systems. The phantom described here has already been examined by a number of groups, and we anticipate many others becoming involved in the loan and exchange of this phantom and others. To assist researchers working at wavelengths other than 800 nm, we performed a spectral analysis of the phantom in the near-IR region with a CCD spectrophotometer described by Cope et al. 31 First, the effective attenuation of the phantom was measured along a line of sight several centimeters from the nearest embedded cylinder. A source fiber a few millimeters in diameter was placed in contact with the surface of the phantom, while we collected light over a 1-cm-diameter aperture on the opposite surface, using an integrating sphere. The observed attenuation of the phantom relative to a measurement obtained with the source fiber placed within the integrating sphere was then calculated. Second, transmission spectra were acquired as the phantom was translated in 1-mm steps between coaligned source and detector fibers so that the optical axis passed across each embedded cylinder consecutively. These spectra were then used to generate scans representing the transmission profile of the cylinders at different wavelengths. The results of this analysis are in Section 3.
C. Time-Resolved Imaging System
The system used to obtain time-resolved images of the breast phantom is described in detail elsewhere. 13 Its principal components are a Ti:sapphire laser, emitting near-IR pulses of approximately picosecond duration, and a streak camera. The phantom was illuminated with a beam of pulses with a mean power of 1 W over an area of ,3 mm in diameter. The wavelength was 800 nm. Light transmitted through the 54-mm thickness directly opposite the beam was relayed to the input slit of the streak camera through a 3-mm-wide optical-fiber bundle. The streak images produced by the camera were averaged along the spatial direction to produce intensity-versus-time profiles with a temporal resolution of ,20 ps. A reference pulse is also recorded directly from the laser, which enables the absolute time delay produced by the phantom to be determined.
Imaging involved translating the phantom in two dimensions in 2-mm steps. The total translation was 50 mm horizontally, and 36 mm vertically, resulting in 494 intensity-versus-time profiles, digitized at intervals of ,4.5 ps. At each position transmitted light was integrated by the streak camera for 7.5 s, which corresponds to a total effective exposure time of 62 min. Although the total duration of imaging experiments with the UCL system has been reduced substantially by automating the entire data-acquisition process, the transfer, storage, and preprocessing of data on-line still require ,50 s@acquisition. Thus the entire experiment required ,8 h to complete. Preprocessing involved performing several corrections for various sources of noise and system nonlinearity. This included subtraction of the dark current produced by the CCD mounted on the rear of the streak camera, a shading correction to account for the variation in gain across the face of the detector, and correction for the nonlinear sweep of the streak camera along the temporal axis. After the experiment, the data were processed in several discrete steps, as described in detail elsewhere. 13 The temporal response of the system can be considered to be a smooth narrow function with a full width at half-maximum of ,20 ps plus a very broad 1several nanoseconds2, low-level component caused by the scatter of light in the optics that couple the CCD camera to the streak camera. Consequently each temporal distribution appears very slightly broadened and superimposed on a broad, low-intensity background. Although the slight broadening is not a particular hindrance to data analysis, the broader low-intensity background is a major source of uncertainty in the evaluation of the low-level signal in each temporal profile. Deconvolution of the detector response is technically difficult, and we have yet to achieve a method that can perform this satisfactorily without the introduction of further complications. Instead we attempted to remove the broad, low-power background as if it were the result of an addition to, rather than a convolution with, the true temporal distribution. This was achieved by simple subtraction of a broad, low-power Gaussian from each distribution. First, the center of the Gaussian was assumed to occur at a position on the time axis corresponding to the center of gravity of the data. Second, the maximum amplitude of the Gaussian was assumed to be a constant proportion of the data area, estimated empirically. Third, the width was fixed by anchoring the Gaussian to a point on each distribution at a time before any photons could have penetrated the breast phantom. As described in Section 3 the Gaussian-subtracted distributions were then used to generate images, both from the data directly and from comparisons of the data with an appropriate model.
D. Models of Photon Transport
There has been considerable recent progress in the development of analytical models of time-dependent migration of photons through highly scattering media. [32] [33] [34] [35] [36] [37] Various models have provided descriptions in both the time and frequency domains for a variety of geometries and for homogeneous media and media containing pointlike inhomogeneities. A model developed by Patterson et al. 33 1PCW2 is based on the diffusion approximation of the transport equation. Assuming isotropic scatter, the PCW model provides an analytical expression for the temporal distribution of light transmitted across a slab of homogeneous material of known thickness and optical properties when illuminated by a pulse of negligible duration. Another relatively simple model of photon migration, described by Gandjbakhche et al. 34 1GWBN2, is based on random-walk theory and again assumes isotropic scatter. In general we found that the GWBN and PCW models provided almost indistinguishable fits to a given set of data, although the optical properties used to produce each model were not precisely the same. Meanwhile Kaltenbach and Kaschke 35 described how a hierarchy of equations may be generated from the transport equation expanded in spherical harmonics. From this hierarchy they produced a diffusive wave approximation, which provides a more accurate representation of the shortest flight-time photons than the PCW and GWBN models. However, a closed-form expression is obtained only for the photon density rather than the measurable quantity, i.e., the photon-current density. Kaltenbach and Kaschke also investigated analytical models for a slab containing a pointlike absorbing or scattering inhomogeneity, as did Arridge 36 and Gandjbakhche et al. 37 Models incorporating inhomogeneous regions may provide a particularly powerful tool for extracting high-resolution information from noise-limited data, and we are currently exploring their utility for this purpose.
For the experimental data described above an attempt was made to improve the estimation of the intensity of short-path-length photons by comparison with the PCW model. The objective was to obtain a least-squares fit of the model to the measured temporal distributions with the expectation that the model represents to some degree a noise-free estimate of the original data. Our implementation of the PCW model is described in detail elsewhere. 13, 24 Although the breast phantom is not homogeneous, we found that, providing the four free parameters 1µ a , µ s 8, a temporal offset t 0 , and amplitude A2 are allowed to vary during the fitting process, excellent fits are obtained even in situations in which media contain gross inhomogeneities, albeit with values of µ a and µ s 8, which are not particularly meaningful. Model fits obtained for the data described here, where the inhomogeneities are relatively small and embedded deep within the slab, yielded coefficients that varied little from the known values for the slab 1µ a , 0.01 mm 21 and µ s 8 , 1.0 mm 21 2. Fitting was performed over flight times between 0 and 1750 ps, the maximum range of our acquired data. Figure 4 shows the measured transmittance of light transmitted through a relatively homogeneous region of the phantom collected over a 1-cm-diameter aperture as described above. The shape of this spectrum is dominated by a variation in the absorption coefficient, as illustrated in Fig. 2 . Despite the unavoidable dependence of this measurement on collection geometry, this figure provides a useful indication of the relative amount of transmitted flux available as a function of wavelength. Meanwhile Fig. 5 shows a series of scan profiles obtained as the phantom was translated between the spectrophotometer source and detector fibers. Each spectrum was integrated over a 20-nm window centered on each wavelength shown in Fig. 5 . The displayed scans have been independently normalized and then displaced vertically to facilitate their comparison. The positions of the four embedded cylinders are indicated. It is immediately evident that the highest contrast cylinders, C and D, remain unresolved at all wavelengths. The increased absorption in the phantom at longer wavelengths, as predicted from Fig. 2 , does not produce a noticeable improvement in spatial resolution as may be expected. In fact, the slight narrowing of the minimum and the increased evidence of cylinder A are perhaps consistent with improved resolution at shorter wavelengths. However, the prediction of the wavelength dependence of resolution and contrast is complicated by the following: 1a2 Scatter by the cylinders as well as the slab decreases with wavelength. 1b2 Between 850-and 950-nm absorption by the resin is more significant. If absorption is dominated by the resin, contrast resulting from different concentrations of dye are reduced.
Results
A. Spectral Analysis
B. Images Generated Directly from Data
Images of the breast phantom were generated by numerically integrating the intensity of each temporal distribution between zero and a specified integration time Dt. Figure 6 shows the image obtained for Dt 5 1750 ps, which represents the largest integration time we were able to accommodate. By comparison with a theoretical model it was estimated that this value of Dt corresponds to ,65% of transmitted photons. The variation in integrated intensity over the entire image corresponds to only ,7% of the mean but is displayed to occupy the full range of gray levels. The white plusses in this and subsequent figures indicate the expected positions of the centers of the four cylinders 1known within 62 mm2. The image, like the scans in Fig. 5 , is dominated by highly absorbing cylinder D on the far right. Although there is some contrast also produced by cylinder C, and perhaps A on the far left, the spatial resolution is too poor for one to distinguish them as distinct objects. Figure 7 shows four images obtained for smaller integration times of 800, 700, 600, and 500 ps. This figure illustrates the fundamental problem of timegated imaging. Decreasing the integration time produces the expected gain in spatial resolution but at a drastic cost in terms of signal to noise because increasing numbers of photons are discarded. As Dt is reduced from 800 to 500 ps, identifying cylinders A, C, and D as distinct objects becomes a little easier, but the contrast is soon overcome with noise. An integration time of 500 ps represents the minimum below which all the cylinders become unidentifiable.
C. Images Generated from Fits to a Photon Transport Model
The continuous curve in Fig. 8 shows a typical temporal profile obtained for a single line of sight through the phantom after numerical integration with respect to time. Also shown, by the dashed curve, is the integrated profile of the corresponding model obtained from a least-squares fit. We normalized both curves by dividing by the total integrated intensity of the model and plotted them on a logarithmic scale. The data curve shows a reduction over ,4 orders of magnitude as the integration time is decreased to ,500 ps when the signal becomes dominated by noise. The noise in this case is due to some residual intensity after subtraction of the background Gaussian.
Unfortunately, a scarcity of detected photons, for which model fitting aims to compensate partially, is not the only significant source of noise in timeresolved images. Previous studies have revealed that imprecise calibration of the temporal axis of the data can have a considerable effect. As described elsewhere, 13 misalignment of temporal distributions by only a few picoseconds can produce order-of-magnitude changes in the integrated intensity at shorter integration times. Imprecise temporal alignment can be due to residual error in the correction for the nonlinear streak camera sweep speed and by the uncertainty involved in the estimation of the center of reference pulses. The only approximate solution to this problem that we have devised so far has been to apply small shifts to the data along the temporal axis to minimize the random fluctuation in the integrated intensity. First, time t 1 is calculated at which each model profile corresponds to fixed intensity I 1 . Second, an image is generated from the values of t 1 , which is then slightly smoothed. Finally, the difference between the original and smoothed versions is used to calculate small shifts 1typically of several picoseconds2 that are applied to the model profiles. The assumption of smoothness is based on the a priori assumption that our sampling interval 12 mm2 is well below the expected spatial resolution of the cylinders embedded in the middle of the breast phantom. If nonlinear errors are insignificant, any value of I 1 can be chosen that is common to all the fitted models. However, we find that for an image corresponding to an integration time Dt the best correction is achieved if a value of I 1 is selected at which the values of t 1 are near two-thirds of Dt.
After a small shift adjustment was made, images were acquired as shown in Fig. 9 . These images correspond to integration times of 500, 400, 300, and 200 ps. Although the contrast in the embedded cylinders is still low, the signal-to-noise ratio has improved sufficiently to reveal all four cylinders. It is most encouraging that cylinder B, which had been indistinct in all the images obtained directly from the raw data, can now be identified in all the images. Unfortunately, extrapolation below ,200 ps resulted in images that again became dominated by noise, both random and systematic. Although the model profiles are themselves noiseless, our correc- Fig. 7 . Time-resolved images of the breast phantom generated directly from experimental data in which integration times of 800, 700, 600, and 500 ps were used. White plusses indicate the approximate centers of the embedded cylinders. tion of the various nonlinearities on the detector is just not sufficient to continue the extrapolation to smaller integration times. To provide an even clearer indication that all four cylinders have been resolved, the mean of the three center rows of pixels of each image is shown in Fig. 10 . Although it is difficult to quantify spatial resolution from these data, the clear delineation between the cylinders in the 200-ps profile, which are separated by 13 mm, suggests that a resolution of better than 1 cm has been achieved. Such spatial-resolution performance is in accordance with recent quantitative studies. 13 
Discussion
The tissue-equivalent phantom described above has already been loaned to several research groups who have also made in vivo breast measurements, and they have been able to confirm the breastlike nature of the phantom. Loans have also been arranged with groups wishing to evaluate their imaging systems with an object with well-defined properties, and we are eager to encourage further exchange of this and other phantoms.
The development of accurate tissue-equivalent phantoms will continue as the number of reliable in vivo measurements of tissue optical properties increases. Since the manufacture of the phantom described above, a new recipe has been developed at UCL that is based on silica microspheres suspended in an epoxy resin. 26 Such suspensions have scattering properties that may be accurately predicted with Mie theory. By use of microspheres of appropriate size and refractive index, phantoms can be produced that match not only the transport scatter coefficient µ s 8 of breast tissues but also the scatter coefficient µ s and mean cosine g. The detection of small embedded objects depends not only on their size but also on their optical properties relative to surrounding healthy tissue. Further experiments will be performed with phantoms incorporating significantly more subtle objects. In future phantoms, such inhomogeneities will also be more isolated. It is evident that the appearance of cylinder B in the images in Fig. 9 would have been more dramatic had it not been located in such close proximity to other cylinders of much higher contrast.
The image in Fig. 6 , generated with the majority of transmitted photons, illustrates the typical performance of conventional breast transillumination. 3, 4 As a rough guide the spatial resolution obtained with cw illumination is approximately equal to the depth of the embedded object, which is 27 mm for this experiment. The inability to distinguish high-contrast cylinders C and D, separated by only 13 mm, in Figs. 5 and 6 is consistent with such poor resolution.
As mentioned above the spatial-resolution performance of time-resolved imaging methods has been subject to considerable recent study. A theoretical prediction of resolution for objects embedded midway between two opposite surfaces of a slab by use of time-gated data was produced by Gandjbakhche et al. 16 and was recently confirmed experimentally by Hebden and Gandjbakhche. 38 The predicted resolution as a function of integration time for the breast phantom is indicated along the top horizontal axis of Fig. 8 . The resolution decreases from ,15 mm at Dt 5 800 ps to 12 mm at Dt 5 500 ps and 7.5 mm at Dt 5 200 ps. This is consistent with just being able to distinguish the high-contrast spheres in Fig. 7 as the integration time is decreased before the contrast is overcome by noise. Thus, in accordance with previous studies of the performance of time-resolved imaging methods, 19 we can conclude that, although a gain in spatial resolution of a factor of ,2 can be obtained compared with conventional transillumination, the resolution achievable with straightforward integrated intensity measurements is unlikely to exceed 1 cm for breast imaging. This will be insufficient for purposes of screening for breast disease, where it is necessary to detect tumors at an earlier, smaller stage of development.
Although Fig. 8 illustrates the inherent limitation of time-resolved imaging, it also reveals the basis for the reasonable success of the extrapolation technique. The model curve aligns closely with the experimental data and is able to continue the general trend to smaller integration times in which the data become dominated by noise. However, the accuracy of the extrapolation decreases with decreasing flight time. Nevertheless extrapolation needs to achieve an improvement in resolution of a factor of only 2 to transform the potential of time-resolved imaging from one of marginal utility to one of significant clinical value. The results in Figs. 9 and 10 suggest that resolution can indeed be improved further, and the identification of internal structure such as tumors a few millimeters in size may yet be achievable.
Although offering some positive encouragement for such time-resolved techniques as a breast-imaging modality, the experiment described here reveals quite overwhelmingly that imaging a real human breast with a streak camera system is not realistic. Although our data-collection time of 8 h can in principle be reduced, the exposure time of 1 h could Fig. 10 . Profiles across the images shown in Fig. 9 , indicating the presence of the four embedded cylinders. not be decreased without compromising the signal-tonoise ratio. In addition to its very poor lightcollection efficiency 1equivalent to an aperture of 1 mm 2 2, the streak camera suffers from a limited dynamic range 1near 10 4 2 and various sources of systematic noise, the most significant of which are the nonlinearity of the temporal axis and the broad tail of the temporal response function. To reduce exposure levels and imaging times to acceptable levels, imaging systems must employ multiple, large-area detectors. An example of such a system has already been constructed for optical imaging of the human brain. 39 Our current appraisal of the potential for development of an optical breast-imaging device is that the best possible spatial resolution is near 5 mm. 12, 13 This is not even close to the resolution performance of x-ray mammography. Indeed, in terms of image quality, the noisy appearance of the images in Fig. 9 suggests that a comparison with nuclear emission imaging modalities such as single-photon emission computed tomography and positron emission tomography may be more appropriate. Yet, by offering a means of distinguishing between tissues not differentiated by other methods, optical-imaging techniques may eventually constitute a valuable weapon in the armory of the clinical radiologist.
